The human heart has very limited regenerative capacity, making the loss of heart muscle tissue during myocardial infarction essentially irreversible. Regenerative medicine aims at promoting the formation of new functional heart muscle in an injured heart, either by stimulating myocyte proliferation, formation of myocytes from preexisting stem cells, direct reprogramming of fibroblasts into myocytes, or adding new muscle tissue from exogenous stem cell sources. Recent advances in stem cell research make these goals more realistic. This review provides a short overview about different approaches for cardiovascular regeneration, stem cell sources, and modes of application, focusing on current cardiac tissue engineering techniques and their way towards clinical application.
Introduction
Myocardial infarction (MI) is one of the most frequent causes of morbidity and mortality worldwide. Modern medicine has improved prevention of MI and allowed for improved prognosis following a MI, but ischemic loss of myocardium has surpassed arterial hypertension as the most frequent cause of terminal heart failure [1] . Until the end of the twentieth century, cardiomyocytes in the adult mammalian heart were considered essentially postmitotic and unable to divide. This view was challenged by describing substantial rates of cardiomyocyte cell division and turnover [2] and with reports of the influx of bone marrow-derived cells with potential for cardiac transdifferentiation [3] . Today, 15 years later, though still controversial, most researchers would agree that (i) the turnover rate of the adult human (as well as murine) heart is less than 1 % per year, i.e., that we die with a relevant fraction of cardiomyocytes as old as ourselves [4] , (ii) the few new myocytes that develop during adulthood derive from resident cardiomyocytes by cell division rather than from a Bresident cardiac stem cell^source [5] or bone marrow-derived cells, and (iii) the regeneration is too low to be clinically meaningful, i.e., current levels of regeneration are not able to rescue heart function after a large MI. Thus, patients experiencing a significant loss of muscle mass (>1/3 of the left ventricle) develop heart failure and have a poor prognosis [6] . Current treatment options include heart transplantation, which is limited due to organ donor shortage and implantation of mechanical assist devices. The latter therapy, though increasingly effective, is compromised by severe complications, and a 1-year mortality rate of 20 % [7] . Gene therapy of sarcoplasmic reticulum ATPase (CUPID trial [8, 9] ; NCT01643330, NCT00534703) is currently being developed as a novel treatment option for patients with heart failure, but is unlikely to be effective in patients in whom a critical fraction of contractile mass is lost. These patients are the target population for regenerative approaches, i.e., attempts to add new contractile heart muscle mass to the failing heart. This review provides a brief overview of possible cell sources and then focuses on cardiac tissue engineering and regeneration using pluripotent stem cells. We refer interested readers to detailed reviews as indicated in each chapter, respectively.
Cell Sources for Cardiac Regeneration
Numerous cell types have been claimed to regenerate the mammalian heart, and the debate which cell type is optimal for cardiac regeneration remains open. The problem of this field is that one can find evidence for almost everything in the literature (including strictly opposing results and conclusions), making it difficult for interested readers to orient. The confusing situation has prompted the Federal Food and Drug Administration (FDA) to assemble a Guidance for Industry for the preclinical assessment of investigational cellular and gene therapy products [10] . The choice of cells for therapeutic interventions encompasses bone marrow mononuclear cells (BMC), mesenchymal stem cells (MSC), endothelial progenitor cells (EPC), adipose tissue-derived cells (ATC), resident cardiac stem cells, cardiospheres, embryonic stem cells (ESC), parthenogenetic stem cells (pSC), and induced pluripotent stem cells (iPSC; review in [11, 12] ). Advantages of BMC that explain their fast and widespread clinical application in cardiology is their already established clinical use (for bone marrow transplantation in hematological indications), the autologous approach, simple access, and apparent lack of side effects. The main disadvantages are the lack of convincing evidence that BMC can form new cardiomyocytes [13, 14] and lack of clinically relevant effects [15] . Moreover, the concept of a Bparacrine^mechanism of action, generally employed to explain positive effects on heart function in the absence of new myocardium, is controversial in light of the fact that BMC that are infused into the coronary circulation do not even remain in the myocardium for extended periods at a relevant rate [16] . This problem is less prominent when cells are injected into the myocardium, but still the retention rates are below 20 % in 24 h [17] . The so-called EPC are very likely macrophages [18] , and early claims of a cardiac transdifferentiation potential [19] have not been substantiated. Moreover, it is very likely that these cells, though promoting angiogenesis by a paracrine mechanism [20] , do not directly form endothelial cells [21] . Thus, they may act in a manner originally proposed by Schaper's group, i.e., Bdo not promote vascular growth by promoting vessel walls, but may function as supporting cells.^ [22] . MSC are still being investigated for their capacity to regenerate cardiomyocytes [23] , but the evidence remains controversial [24] . The capacity of c-kitpositive resident stem cells [25] to form new myocytes under normal and diseased conditions has been seriously challenged by a carefully conducted study using genetic targeting of the ckit locus [26] . A clinical study with these cells, originally published in The Lancet [27] , raised concerns [28] . Socalled cardiospheres, originally described by Messina and colleagues [29] were also tested in an early clinical study [30] , but evidence for true remuscularization is incomplete. Perinatal (e.g., placental, umbilical cord blood) and fetal (e.g., amniotic fluid) stem cells do not only have the disadvantage of ethical concerns, but evidence of full cardiac differentiation at relevant efficiency is lacking [31, 32] . Taken together, the problem of all non-pluripotent stem cell sources is their limited or absent potential to differentiate into cardiomyocytes. Since this is the key requisite for true regeneration, the following chapters of this review will focus on the potential of pluripotent stem cells to regenerate the heart and possible strategies to use this potential for therapy.
Pluripotent Stem Cells
Pluripotency describes the ability of a cell to differentiate into all cell types of the three germ layers (endoderm, ectoderm, mesoderm) and their derivations but not extraembryonic trophoblast, including retina cells [33] , neuronal cells, embryonic erythrocytes, or cardiomyocytes among others (review in [34] ).
Embryonic Stem Cells
Embryonic stem cells (ESC) are derived from the inner cell mass of blastocysts. Human ESC (hESC) were the first pluripotent stem cell source [35] , and results of first clinical studies using hESC for regenerative repair in the eye have recently been reported [36, 37] .
Parthenogenetic Stem Cells
Parthenogenesis occurs in some amphibians, fish and reptiles, and describes the unisexual reproduction of an organism. Once the oocyte is activated (e.g., by hormones), it starts to develop like a fertilized cell. Mammals do not show this phenomenon. However, parthenogenesis as an error of nature was identified as the cause of ovarian teratomas in the 1950s [38] ; it is possible to experimentally induce parthenogenesis in mammal oocytes in vitro by chemicals, and parthenogenic stem cells (pSC) and their differentiated progeny have been successfully derived from the inner mass of pSC-derived blastocysts from mice [39] and humans [40] .
Induced Pluripotent Stem Cells
Induced pluripotent stem cells (iPSC) are derived from somatic cells by introducing a combination of pluripotency factors [41] , a seminal discovery that was awarded with the Nobel Prize to Yamanaka in 2012. Protocols to generate hiPSC from somatic cells are cell type-independent [42] and are based on the original protocol with lentivirus encoding for c-Myc, Klf-4, Oct-4, and Sox-2 [41] . Since lentivirus randomly integrate into the host genome and may thereby activate or inactivate genes, many researchers worked on improving this method by using non-integrating viral transduction such as Sendai virus [43•] , direct transfer of mRNA [44] or proteins [45] , or replacing some of the pluripotency factors by small molecules [46, 47] . Given the relative ease and robustness and the lack of ethical concerns in their generation, human iPSC (hiPSC) are becoming increasingly important not only in the field of regeneration [48] but also as an unlimited source of patient/ disease-specific differentiated cells with great economic potential (e.g., Axiogenesis AG, Cellular Dynamics International, Pluriomics).
Advantages and Disadvantages of the Different Pluripotent Cell Sources
The use of hESCs raises ethical concerns [49, 50] , but the debate is much quieter today than it was 10 years ago, mainly because the vast majority of researchers changed to hiPSCs which are widely available now and lack these concerns. Immunogenicity of the cell source is an important issue in clinical application. Conceptually, the use of ESCs or pSCs for regenerative purposes will be allogeneic and therefore, in principal, will require immune suppression. However, banks of a few hundred (ESC) or fewer (pSC) donor cell lines would suffice to achieve perfect HLA matching in most patients [51] . While HLA matching would not entirely preclude the need for immunosuppression due to the fact that there are many minor histocompatability antigens, it would lessen the need for full-level immunosuppression with its known toxicity. Together with optimized freezing and thawing protocols for the differentiated progeny (e.g., cardiomyocytes, see below), this would allow an off-the-shelf application. Autologous, (i.e., patient-derived) iPSCs should, at least in theory, allow an autologous approach without requiring immunosuppression, but recent studies suggest that even the use of autologous transplanted iPSCs may require immunosuppression [52•, 53] . A third issue, particularly relevant to hiPSC, is the potential for malignant transformation. C-myc is an oncogene and, as mentioned above, lentivirus integrate and could activate endogenous proto-oncogenes. New protocols without cmyc and using non-integrating vectors [43•, 54] would minimize this risk. A general problem of cells cultured for extended periods is their genomic instability (e.g., potential for mutations and karyotype alterations [55] ). These considerations do not prevent the clinical application of pluripotent stem cellderived products, but require that each single batch of ESC-, pSC-, or hiPSC-derived cell products undergo extensive quality control, an important hurdle for regulatory authorization [56] .
Cardiac Differentiation of Pluripotent Stem Cells
Almost 30 years after the first report on cardiomyocyte differentiation from (murine) pluripotent stem cells [57] , cardiac differentiation protocols have improved tremendously. In the early days, spontaneous differentiation resulted in such small numbers of cardiomyocytes [58] that cardiac replacement therapy (requiring an estimated 10 8 to 10 9 cardiomyocytes) seemed hardly a realistic option. Today, by applying lessons learned from cardiac development, it is possible to generate cardiomyocytes independently from the initial cell line with high efficacy and purity [59•, 60, 61, 62••] . Nevertheless, generating the quantities needed for a large scale study (e.g., phase 3 study) will be the next challenge. Human PSC can be differentiated into cardiomyocytes by various procedures. Most of the protocols (for hESC and hiPSC) are based on the sequential administration of signaling molecules such as activin A and BMP4 [63, 64] and cytokines along with inhibition of GSK3β (CHIR; [59•, 61] ) or inducing and inhibiting the Wnt signaling pathway at different stages of differentiation. The concentration, ratio, and timing of these factors are of utmost importance and might depend on the starting cell line. Current methods for cardiac differentiation comprise the formation of embryoid bodies (EBs; [65] ), 2D-culture (on Matrigel or Geltrex [59•, 63, 66] ), or the inductive coculture feeder cells (END-2 stromal cells; [67] ) that secrete signaling molecules. Generation of embryoid bodies can be achieved using (i) the hanging drop method [58] that is very laborious and only feasible for small amounts of cells, (ii) forced aggregation in micro-cavities [68] , which lead to EBs of uniform size and shape, but is also limited in terms of throughput, and (iii) suspension culture ( [69] ; own lab experience) that allows large scale production [70] . Most currently used protocols use direct differentiation of PSC in the monolayer format [59•, 62 ••] that does not require the formation of EBs and thereby reduces the procedural steps. They are based on Matrigel [66] or feeder-cell coated vessels. The differentiation efficiency is highly depending on the timing, differentiation factors, and culture medium (review in [71] ). By now, efficient protocols result in up to 90 % pure cardiomyocytes without genetic selection (see above), demonstrating that differentiation is no longer a major bottleneck on the way to cardiac replacement therapy. Another important improvement was the identification of protocols allowing cryopreservation of the differentiated cells [72•] . These protocols facilitate the work with large cell numbers, which are required for cardiac repair in large animal models and ultimately in humans, and allow for quality control before application. A new cell stabilization technology at room temperature (e.g., Biomatrica) might reduce costs (e.g., storage and shipping) tremendously and smooth the way for a truly off the shelf product, but has not yet been tested with differentiated cardiomyocytes.
Current State of Clinical Application with Pluripotent Stem Cells
Clinical experiences with pluripotent stem cell therapy have recently been reported. A clinical trial in 18 patients with macular degeneration evaluated the primary endpoint safety and tolerability of hESC-derived retinal pigment epithelial cellbased therapy. In a follow-up period of 22 months, patients receiving hESC-derived retinal pigment epithelial cells for therapy showed no unwanted cell proliferation of the graft or severe adverse events. Fifty-five percent of the eyes receiving transplantation of hESC-derived retinal pigment epithelial cells showed improved visual acuity, whereas the untreated fellow eyes did not [37] . Recently, a Japanese woman received autologous hiPSC-derived retinal pigment epithelial cells as therapy for her visual impairment [73] . The whole iPSC-community is now curiously looking at this case. If this first hiPSC-therapy proves safe, it will pave the way for other iPSC-based clinical applications including therapy of myocardial infarction.
Approaches for the Use of Pluripotent Stem Cell Products in Cardiac Regeneration
A straight forward approach for administration of cells for cardiac regeneration is to inject the cells directly into the infarcted myocardium. The Murry group in Seattle has been systematically investigating the effect of intramyocardial injection of human ESC-derived cardiomyocytes into rats [63, 74] , guinea pigs [75] , and pigtail macaques [62••] . These studies report remuscularization in the infarct zone and intense vascularization of the grafts on the donor heart. The primatepublication nicely shows electromechanical coupling of the graft cells to the donor heart, but also describes the occurrence of arrhythmias in the macaques. Unfortunately, no data on functional effects were available in the primates, due to the small infarct size (2.5-10 %) and thus absence of an initial dysfunction and/or small numbers of treated animals. Since the time point of evaluation seems to have an underestimated impact on the apparent study success and functional improvements faded between 4 and 12 weeks after intervention (van Laake et al. [76] vs. Laflamme et al. [63] ), larger studies with later endpoints are needed. Such studies also need to answer the question of effective cell dose, i.e., how many transplanted cells are minimally needed to repair the heart and improve function, an obvious question hardly addressed in the field. It is unlikely that such questions can be answered in nonhuman primates, both for ethical and economic reasons [77] . The minimal effective dose is of particular importance because injected cells have a low retention and survival rate (see above) and were accordingly found in the lung, liver, kidney, and spleen of the recipients [78] . This raises obvious safety concerns and indicates that low retention rates should not simply be overridden by injecting very large cell numbers. Instead, cells can be transplanted as 3D heart tissues that have been engineered in vitro (see below), microencapsulated, or suspended in hydrogels. The latter may be a simple solution to reduce cell apoptosis and enhance retention rate [79] ; microencapsulation may further protect cells from immune defense and increase survival rate (review in [80] ).
The MAGIC trial in 2008 [81] investigated the injection of autologous skeletal myoblasts in and around the scar after MI. The myoblast transfer did not improve regional or global LV function, but induced arrhythmias. The lack of LV function improvement is very likely related to the lack of coupling of skeletal myoblasts to host myocardium [82] , but was also explained by the low retention rate of injected cells. Following this reasoning, the group around Menasché directly compared cell injections to placebo-suspension and freshly fibrinembedded cells or cells seeded on collagen sponges. Only the groups of rats which received patches (fibrin gel or collagen sponge) showed improved LV-function after myocardial infarction, arguing for the use of patches or preformed scaffolds in cardiac replacement therapy [83] . To address safety and efficacy questions of PSC-derived products, Menasché and colleagues investigated the transplantation of cell sheets containing adipose-tissue derived stroma cells combined with rhesus ESC-derived SSEA-1 + cardiac progenitors in a Rhesus monkey model [84] . No teratomas were found in the hearts of five recipient animals 2 months after implantation of the sheets, but similar to the other non-human primate study [62••] , functional data are lacking because the initial injury was too small (and animals did not survive larger infarcts). In a follow-up study, stem cell-derived cardiac progenitors were generated under clinical-grade conditions and injected into immunocompromised mice [85] . Whereas undifferentiated hESC induced teratoma formation, as expected, the cardiac progenitors did not. Additionally, this study re-confirmed that hESCderived cardiac progenitors embedded in a fibrin patch could increase LV function in a rat MI-model. The data paved the way for approval by the French regulatory authorities for the first human clinical trial using this method [85] and treatment of the first patient in October 2014 (http://medicalxpress.com/ news/2015-01-recipient-stem-cell-treatment-doctor.html).
The most ambitious approach for cardiac repair is tissue engineering in its strict sense, i.e., the generation of coherently beating 3D heart tissues in vitro and their transplantation onto the injured heart (Table 1) . Since immature cardiomyocytes beat spontaneously and have the capacity to form a 3D network of communicating cells, the first steps towards forming engineered heart tissue (EHT) can be quite easily achieved (review in [92] ). The incorporation of cells into a hydrogel is one of the oldest ideas in tissue engineering, which was introduced 35 years ago [93] and was applied to generate the first engineered cardiac tissues [94] . The most commonly used hydrogels are based on collagen I [87] , Matrigel [95] , fibrin [88, 89••, 96] , and mixtures thereof. The principle is always similar: cells are mixed with the hydrogel and filled into a casting mold that determines the shape of the engineered tissue. Various systems have been developed to fix the remodeling tissue and provide the mechanical strain necessary for cell orientation between the fixation points. The setup ranges from Velcro-coated glass tubes [94] , rings [95] , Flexcell chambers [97] , and mesoscopic micropost arrays [98] to newer systems in which the fixation posts serve as means to measure contractile force [99, 100] (overview in [48] ). For cardiac repair, the hydrogel systems can be upscaled, either by employing larger casting molds [101] or assembling of several smaller elements [102] . Alternatives to the hydrogel methods are (i) seeding cardiac myocytes onto prefabricated biodegradable matrices [103, 104] , (ii) repopulation of decellularized natural heart tissue [105, 106] , or (iii) the cell-stack technique in which monolayers of cells are assembled to a 3D tissue without any scaffold [107] . The group of Shimizu and Okano built thin, but compact artificial cardiac tissues by stacking three monolayers for transplantation. HiPSC-CM sheets were transplanted onto the hearts of infarcted, immunosuppressed minipigs [91••] . In this study, the transplantation of eight sheets containing 25×10 6 cardiomyocytes improved left ventricular ejection fraction compared to sham (53 vs. 38 %), but the number of human cardiomyocytes remaining on the host myocardium 8 weeks after transplantation was very low, indicating that the functional improvement was independent of new muscle mass and due to a paracrine mechanism, a conclusion similarly made in many cell-therapy studies. After a further study in dogs [108] , the group reported the first inman-study, in which cell sheets of autologous skeletal myoblasts were transplanted in a patient with idiopathic DCM and prolonged treatment with a left ventricular assist device [109] . Implantation of the cell sheet was associated with a decrease in brain natriuretic peptide plasma levels (marker of heart failure), increase in left ventricular ejection fraction, and removal of the assist device. While remarkable, the data have to be viewed with care because similar recovery can be seen (rarely) just after assist device implantation alone.
For our ongoing studies in this field, we have chosen to use a guinea pig model of cryo-injury MI. Human EHTs were made from hiPSC-cardiomyocytes and hiPSC-derived endothelial cells by a fibrin hydrogel method and a casting mold of a reasonable size for transplantation. After 2 weeks in culture, the rhythmically beating EHTs were sutured onto the hearts of immunosuppressed guinea pigs 7 days after the induction of large transmural cryo-infarctions. Twenty-eight days after transplantation, we observed remuscularization of the scar which went along with an improved LV-function. None of the treated animals rejected the graft or developed teratoma. Transplantation of cell-free EHTs served as a control group and did not show remuscularization nor improved cardiac function (published in abstract form [110] ).
Open Questions and Limitations
There are still some major limitations, which have to be addressed before cardiac replacement therapy can finally enter the clinics. Here, we just want to highlight the ones we consider most important:
Tissue engineering approaches for cardiac repair have one problem in common -the vascularization (review in [111] ). Studies on small rodent hearts did not reveal the severity of the problem we are facing by approaching therapy of the human heart which is more than two log units larger. If one linearly extrapolates the successful experiences in rats [102] , a cardiac patch suitable for the repair of large MIs in humans needs to be several square centimeters in size and several millimeters in thickness, too big to be solely depending on diffusion [112] . So either we expect the patch to sufficiently grow in size by cellular proliferation or we need pre-vascularization. Different vascularization strategies are pursued. The main difference between the techniques is whether the vascularization is done in vitro or in vivo and if a biological vessel graft is used. Vascularized cardiac grafts can be produced in vivo by casting hydrogels on an AV-loop [113, 114] or multistacking of cell sheets on a vascularized area of the body [115] . For in vitro vascularization, cell sheets have been layered onto a surgically explanted and artificially perfused vascular beds [116•] , or constructs are perfused through artificial channels [101, 117, 118] . Approaches using the biological grafts have the advantage that the vascular bed of the cardiac graft can be anastomosed after transplantation [114, 117] . Major disadvantages of pre-vascularization are the complexity of the procedures and the concomitant regulatory hurdles. Thus, the question how to overcome the upscaling problem for human cardiac repair remains open, and it is well possible that the simplest approach will finally be most successful.
Further limitations include developing cost-effective manufacturing processes. These manufacturing processes would need to achieve cardiomyocytes of sufficient purity, scale, potency, and viability to accommodate cardiac regenerative-based therapies for millions of patients. Even protocols with high efficiency [59•] end up with some noncardiomyocytes, possibly including pluripotent stem cells. The latter have the potential to cause teratoma in vivo. Hence, to rule out this risk, stringent quality controls of clinically applied cell batches are required beforehand, including teratoma tests in a meaningful number of animals and extensive search for pluripotent cells (suggestions for quality controls see Fig. 1 ). Increasing the cell purity has been approached in various ways. (i) Physical purification via Percoll-gradient proved to cause cell damage and extensive loss of viable cells [63] .
(ii) Live cell sorting for cardiac-enriched surface markers Fig. 1 Engineering cardiovascular regeneration. Schematic overview of different approaches for cardiac regeneration and suggested parameters for quality control, animal model, and readout to align animal studies and facilitate comparison (EHT engineered heart tissue, hiPSC-CM humaninduced pluripotent stem cell-derived cardiomyocytes, hESC-CM human embryonic stem cell-derived cardiomyocytes, MI myocardial infarction)
such as SIRPα-positive cells [119] or fluorescent mitochondrial dyes like tetramethylrhodamine methyl ester perchlorate [120] work, but may be difficult to scale up at reasonable costs.
(iii) Culture in pure lactate-containing media enrich cardiomyocyte populations, but at the price of considerable cell loss ( [121] , own unpublished observation). Cellular Dynamics International (USA) and Axiogenesis AG (Germany) provide highly purified cardiomyocytes enriched by antibiotic selection (stably integrated antibiotic selection cassette). Unfortunately, the genetic modification will complicate the use in clinical studies. Without additional enrichment strategies, current differentiation protocols achieve 70-95 % cardiomyocyte purity. As such, Pluriomics (Netherlands) offers highly purified cardiomyocytes without genetic alterations. By using small molecules instead of cytokines, the production of hESC-cardiomyocytes has become much more reliable ( [61] ; own observation for hiPS-cardiomyocyte differentiation). Quality control including chromosomal integrity [122, 123] , lack of pluripotent cells in Good Manufacturing Practice (GMP)-produced cardiomyocyte batches is mandatory for a future clinical application and could include karyograms, PCR, and teratoma formation assay.
Immune responses remain an issue. As outlined above, cells derived from autologous hiPSC should theoretically not cause immune responses, but this might not be the case [52•, 53] . If this holds true, hiPSC lose their major advantages over hESC. A possible solution is the establishment of cell banks (hESC, hPSC, hiPSC) representing the majority of the HLA spectrum in the targeted recipient population [51] .
Independent of the source (hESC, hPSC, hiPSC), the maturation state of the PSC-derived cardiomyocytes is still not satisfying [124] . On the one hand, spontaneous pacemaking could be a reason for arrhythmogenesis after transplantation [62••] , but it may also be an advantage by allowing the cells to survive the hypoxic environment of the host myocardium prior to vascularization and to proliferate for a while after transplantation (own unpublished data). Thus, it may not even be desirable to wait until terminal maturation before implanting or injecting PSC-derived cardiomyocytes.
So far, there is no systematic and sufficiently powered study analyzing the biodistribution of the transplanted cells. Some studies do not find cells of the graft in any other organs than the heart (e.g., [62••] ), but others do [78] . The detection rate obviously depends on the sensitivity and specificity of the detection method (i.e., PCR vs. histology). In our studies with hiPSC-derived EHT in guinea pigs, we occasionally observed human DNA in organs other than the heart, suggesting that even in a tissue engineering approach with embedded cells, the latter can be washed out in vivo (own unpublished data). It seems very unlikely that the problem is smaller when (much larger numbers of) cells are simply injected into the heart. Thus, we believe that this problem has to be considered in future studies. It relates to the need for studies defining the minimal effective dose of hiPSC-CM or hiPSC-EHTs.
The occurrence of ventricular arrhythmias after transplantation may compromise the success of cardiac regeneration therapies. Clinical studies with skeletal myoblasts regularly observed transplantation-induced arrhythmias and requested implantation of intracardiac defibrillators [81] . In contrast, injection of hESC-derived cardiomyocytes into infarcted guinea pig hearts suppressed the rate of arrhythmias, likely due to the fact that most hESC-CM electromechanically coupled to the host myocardium [75] . Good coupling was also observed in the macaque study [62••] and former rat studies with rat grafts [102, 125] . But of note, in the macaque study, severe arrhythmias were observed in all recipients of the hESC-CM grafts. The difference to the guinea pig study remain unexplained, but could be related to the different size or impaired calcium-handling [62••, 126] .
The adequate animal model for obtaining valid preclinical data is still a matter of debate. Non-human primates like Rhesus macaques have the advantage of providing a homologous transplantation model if rhesus PSC are used. But they have also several disadvantages. Ethical (and also economic) concerns limit the number of animals for a transplantation study. Non-human primates do not tolerate large MIs, i.e., a large drop in contractile function [84] , which leaves not much room for functional improvement. Another disadvantage of the primate-model is their heart size, which is eight times smaller than that of humans [77] . Larger hearts require higher cell numbers, and therefore, the true arrhythmic potential may be even underestimated as stated by Chong and colleagues [62••] . Other animal models such as pigs and sheep have the advantage of heart rate and size being closer to humans. Furthermore, sheep and pigs tolerate larger infarcts, and studies in these models are ethically accepted, less expensive, and logistically less cumbersome. On the other hand, iPSC from pig are not stable, precluding an autologous or allogeneic approach. The only study with hiPSC-CM on pigs was done under immunosuppression, and the survival rate of human cells was not quantified [91••] .
Conclusion
The exciting progress in pluripotent stem cell technologies, protocols for the differentiation of cardiomyocytes from PSC, and tissue engineering techniques have made cardiac replacement therapy a realistic scenario. Indeed, the first patients with myocardial infarction has been already treated, albeit with a very low cell number. Nevertheless, in our opinion, it is still a long road to go until cardiac repair will reach clinical routine. More studies in relevant animal models are needed that apply current guidelines of regulatory agencies for the preclinical development of cell therapies. These studies need to quantitatively address safety issues, minimal effective doses and the extent to which functional benefits can be accounted for by remuscularization as compared to poorly defined Bparacrine effects^. Human and Animal Rights and Informed Consent The authors declare that in this review, they cite observations from their own ongoing unpublished studies, some of which involve studies with animal subjects. However, all of these investigations conform to the guidelines for the care and use of laboratory animals published by the United States NIH (Publication No. 85-23, revised 1985) and were approved by local German authorities (BGV, Freie und Hansestadt Hamburg: 85/12).
